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ABSTRACT
The adverse effects associated with the utilization of fossil fuels has led to the need to provide an
alternative cleaner energy. Photocatalytic hydrogen evolution reaction via water splitting provides
a renewable pathway to generating energy. Our photocatalyst system includes a semiconductor
component (CdSe/CdS core/shell nanorods) to capture light and an attached metal (cocatalyst) for
the hydrogen evolution reaction. Platinum is an effective metal catalyst for this reaction due to
strong proton binding energy that easily facilitates the reduction of water to produce hydrogen gas.
However, due to the high cost of platinum, there is a need to find a less expensive catalyst. Recent
literature shows that Janus nickel/iron nanoparticles can be used as an electrode for production of
hydrogen with similar results as platinum. Our research is focused on developing new synthetic
methods to grow these Janus nickel/iron nanoparticles on an existing semiconductor nanoparticle
to create a photocatalyst system. We will then compare these nickel/iron-functionalized
nanoparticles with platinum-functionalized nanoparticles synthesized by similar methods.

iii

ACKNOWLEDGEMENTS
This research project would not have been possible without the support of many people. Special
thanks go to my research advisor, Dr. Lawrence Hill, for his incredible guidance, mentorship and
encouragement, constructive feedback which have been invaluable to my success during this
Master’s program. Thank you very much Dr. Hill!
Also, great appreciation is extended to my thesis committee members, Dr. Nee and Dr.Yan, for
their support and encouragements.
Many thanks go out to past and present members in Dr. Hill’s research group: Amo, Augustine,
Rajib, Chloe and Jeffery. You all were incredibly awesome. And to faculty members and staff of
the department of Chemistry, Western Kentucky University I say thank you
Last but not the least, I give glory to God and to my awesome family; Baba beji, Iya beji, Taiwo,
Idowu and Ibukun, I love you guys for your continued support and prayers. And to my friends I
say a very big thanks to you guys.

iv

CONTENTS
List of Figures…………………………………………………………………………….vii
List of Schemes…………………………………………………………………………...viii
Chapter 1
Introduction
1.1 Electrochemical Water Splitting…………………………………………….…………1
1.2 Photocatalytic Water Splitting………………………………………………….……...2
1.3 Mechanism of Photocatalytic Water Splitting…………………………………………3
1.4 Semiconductor Nanoparticles as Photocatalysts………………………………………4
1.5 Heterostructured Semiconductor Nanoparticle Photocatalysts………………………..5
1.5.1 Semiconductor – Semiconductor Heterojunctions………………………………5
1.5.2 Semiconductor – Metal Heterojunctions………………………………………...7
1.5.3 Multicomponent Heterojunctions………………………………………………..8
1.6 Core/shell CdSe/CdS nanorods with platinum cocatalysts…………………………….9
1.7 Research Motivation………………………………………………………………….10
Chapter 2
Materials and Methods………………………………………………………………........11
2.1 Materials…………………………………………………………………………...….11
2.2 UV-Vis……………………………………………………………………………...…11
2.3 Fluorimetry…………………………………………………………………….…..…..11
2.4 Transmission Electron Microscope………………………………………………...….11
2.5 Thermal Gravimetry Analysis………………………………………………………....11
2.6 Centrifugation………………………………………………………………….…..…..11
Chapter 3
CdSe Quantum Dots Synthesis…………………………………………………………....12
3.1 Procedure for the Synthesis of CdSe Quantum Dots…………………………………..12

v

3.2 Characterization
3.2.1 UV-Vis Spectroscopy…………………………………………………………….13
3.2.2 Fluorimetry……………………………………………………………………….14
3.2.3 Transmission Electron Microscope……………………………………………….14
3.2.4 Thermal Gravimetry Analysis…………………………………………………….15
Chapter 4
CdSe/CdS Core/Shell Nanorods
4.1 Synthesis of Core/Shell CdSe/CdS Nanorods…………………………………………...16
4.2 Procedure for the Synthesis of Core/Shell CdSe/CdS Nanorods………………………..16
4.3 Characterization
4.3.1 UV-Vis Spectroscopy……………………………………………………………...17
4.3.2 Fluorimetry………………………………………………………………………...18
4.3.3 Transmission Electron Microscope………………………………………………..19
Chapter 5
Platinum Deposition onto CdSe/CdS Nanorods
5.1 Platinum Deposition Reaction…………………………………………………………....20
5.2 Procedure for Platinum Tipping onto CdSe/CdS Core/Shell…………………………….20
5.3 Characterization
5.3.1 Transmission Electron Microscope………………………………………................21
Chapter 6
Nickel-Iron Deposition onto CdSe/CdS Core/Shell Nanorods
6.1 Nickel-Iron Tipping onto CdSe/CdS Core/Shell Nanorods………………………………22
6.2 Procedure for Nickel-Iron Tipping onto CdSe/CdS Core/Shell Nanorods……………….22
Chapter 7
Conclusion……………………………………………………………………………………24
Reference………………………………………………………………..…………………….25

vi

LIST OF FIGURES
Figure 1: The creation of Ni and Fe nanoparticles, as well as Ni-Fe Janus nanoparticles………..2
Figure 2: Basic principle of overall water splitting on a semiconductor particle…………………3
Figure 3. Schematic representation of the essential steps within the photocatalytic total watersplitting reaction…………………………………………………………………….……………..4
Figure 4: Schematic representation of the energy-level band alignment in different core/shell
systems…………………………………………………………………….………………………7
Figure 5: Schematic structure of CdS–Au–TiO2 multicomponent heterojunction system…………8
Figure 6: (a) Schematic diagram to illustrate multicomponent co-catalyst semiconductor
nanoparticle composed of CdSe/CdS-Pt nanorods for H2 evolution. (b) Diagram illustrating the
structure, bound excitons and separation of charges for CdSe/CdS-Pt…………………………..10
Figure 7: UV-Vis absorption spectra of CdSe……………………………………………………13
Figure 8: Fluorescence emission spectra of CdSe quantum dot………………………………….14
Figure 9: TEM image of CdSe QD……………………………………………………………….14
Figure 10: TGA of the CdSe quantum dots………………………………………………………15
Figure 11: UV-Vis absorption spectra of CdSe/CdS……………………………………………..17
Figure 12: (a) Emission spectra of CdSe/CdS nanorods (b) Emission and Absorption spectra
plotted against photon energy…………………………………………………………………….18
Figure 13: TEM image of CdSe/CdS…………………………………………………………….19
Figure 14: TEM images of platinum tipped CdSe/CdS nanorods………………………………..21

vii

LIST OF SCHEMES
Scheme 1: Reaction Scheme for the Synthesis of CdSe/CdS Quantum Dots…………………...12
Scheme 2: Reaction Scheme for the Synthesis of CdSe/CdSe Core/Shell Nanorods…………...16
Scheme 3: Reaction Scheme for the Deposition of Platinum onto CdSe/CdS Nanorods……….20
Scheme 4: Reaction Scheme for the Nickel-Iron Tipping onto CdSe/CdSe Core/Shell
Nanorods…………………………………………………………………………………………22

viii

Chapter 1: Introduction
1.1 Electrochemical Water Splitting
Electrochemical water splitting is an efficient and sustainable process for producing hydrogen that
transforms electricity to chemical fuels. Noble metals and noble metal oxides are the most active
hydrogen evolution reaction and oxygen evolution reaction electrocatalysts. However, their
limited reservoirs and high costs prevent them from being used on a broad scale.1,2 In
electrochemical water splitting, hydrogen evolution reaction is the cathodic reaction that occurs in
electrochemical water splitting to produce hydrogen gas. On the other hand oxygen evolution is
the complimentary anodic half reaction that involves multi-step electron transfer routes.1
2H+ + 2e - → 2H2
2H2O → O2 + 4H+ + 4e
The splitting of water into H2 and O2 requires a standard Gibbs energy change (𝛥𝛥G°) of 237 kJ/mol,
or 1.23 eV as shown in equation (3).3 This is the minimum energy required for water splitting.
2H2O →

O2 + 2H2

∆G = +237 kJ/mol

Platinum-based cathodes and RuO2/IrO2 anodes are adopted to accelerate the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER).4,5 However, the exorbitant cost of noble
metals ultimately fueled the need to develop inexpensive catalysts based on earth-abundant
materials with intrinsic active sites that are capable of catalyzing HER and OER as alternative to
the benchmark platinum-based cathode. Suryanto et al., developed Janus Ni–Fe nanoparticle (Ni–
Fe NP) with a Ni metal domain coupled to a γ -Fe2O3, forming a heterojunction interface which is
displayed in Figure 1A.6 They discovered that Ni–Fe NPs have exceptional HER catalytic activity,
similar to the benchmark Pt/C catalyst.6 In Figure 1B, the graph details the hydrogen evolution
reaction (HER) activity of Ni-Fe NP using a linear sweep voltammetry (LSV). The HER activity
of the Ni–Fe NPs is comparable to the benchmark Pt catalyst (20% Pt/C). The catalytic water
splitting performance between the Ni-Fe NP cell and Ir/C-Pt/C cell is shown below in Figure 1C.
The Ni-Fe NP cell exhibited a greater catalytic performance than Ir/C-Pt/C cell. The cell potential
required for Ni–Fe NP cell to achieve 10 mAcm−2 was 1.47 V which is comparably less than the
1.62 V required by Ir/C-Pt/C cell to achieve 10 mAcm−2.
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Figure 1: The creation of Ni and Fe nanoparticles, as well as Ni-Fe Janus nanoparticles, using
oleate-assisted micelle formation, is depicted schematically. Adapted from reference 6.
1.2 Photocatalytic Water Splitting
Photocatalysis is a type of photochemical reaction whereby light is directly used to initiate
chemical reactions such as the splitting of water to generate hydrogen gas and oxygen gas. In 1972,
Fujishima and Honda discovered the splitting of water into hydrogen and oxygen by UV lightassisted electrocatalysis using titanium dioxide (TiO2) as a photoanode.7 Since then, researchers
have paid close attention to semiconductor photocatalysis due to its potential applications in
environmental cleaning and hydrogen production. Two challenges to our society are the energy
crisis due to the continuous consumption of fossil fuel reserves and environmental pollution as an
obvious result. Semiconductors and their composites with noble metal and metal oxide
semiconductors with appropriate band arrangements are among the most promising solutions to
such problems.8,9,10
To achieve water splitting, the photocatalyst's band gap energy (Eg) should be greater than 1.23
eV (1000 nm).11 The matching of the band gap and the potentials of the conduction and valence
bands is critical for facilitating both the reduction and oxidation of H2O by photoexcited electrons
and holes. The reduction and oxidation potentials of water should both be within the photocatalyst's
2

band gap. As shown in Figure 2, the bottom level of the conduction band must be more negative
than the H+/H2 reduction potential (0 V vs normal hydrogen electrode (NHE)), whereas the top
level of the valence band must be more positive than the O2/H2O oxidation potential (1.23 V).

Figure 2: Basic principle of overall water splitting on a semiconductor particle adapted from
reference 12.
1.3 Mechanism of Photocatalytic Water Splitting
Water splitting, which overall produces H2 and O2, is an uphill chemical process that requires a
Gibbs free energy ΔG° of 237 kJmol−1.3 Figure 3 shows a schematic diagram of water splitting via
a photocatalytic process. The first step involves the initial absorption of incident light (photons)
by a photocatalyst to generate an electron-hole pair if the energy of the incident light is greater
than band gap energy of the photocatalyst. The second step involves the separation and migration
of photogenerated charge carriers. The third step involves hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) initiated by electrons and holes at the surface. For efficient
photocatalytic activity the electron-hole t recombination must be minimized. The probability of
photogenerated electrons and holes to recombine is related to factors such as particle size, crystal
quality, and surface defects. The size of particles and nature of crystallinity affects the transfer of
the photogenerated charge carriers. Defects result in decreased photocatalytic activity by acting as
trapping and recombination locations for photogenerated electrons and holes. Consequently, if the
size of the particles is small the distances the photogenerated electrons and holes must traverse to
reaction sites on the surface will be shorter, resulting in a decrease in recombination probability.
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Figure 3. Schematic representation of the essential steps within the photocatalytic total watersplitting reaction. Adapted from reference 12.
1.4 Semiconductor Nanoparticles as Photocatalysts
The overall catalytic performance of a photocatalyst is usually determined by three factors: lightharvesting, separation and transfer of photogenerated charge carriers, and surface area.13 On the
one hand, the energy band structure of photocatalysts is intimately related to light absorption.
However, most stable photocatalysts like ZnO have a broad bandgap, which results in most of the
photons from the sun having insufficient energy to be absorbed by these catalysts, limiting
photocatalytic efficacy. Titanium dioxide for instance absorbs mainly ultra violet (UV) light which
account for less than 5% of the entire solar spectrum owing to its wide band gap.14 In order to
access the visible light which makes up the larger portion of the entire solar spectrum, TiO2 can be
doped with smaller band gap semiconductors like CdS, metallic elements or other semiconductor
components such as graphene oxide.11,15,16 Nanocrystals with narrower band gaps such as CdS
possess the ability to harvest incident energy in the visible region.17 The absorption of sunlight by
a semiconductor material leads to electrons being excited from the valence band (VB) to the
conduction band (CB), provided the energy of the incident photon is greater or equal to the band
gap energy. The excited electron is utilized to perform electrochemical reduction of solution
species (e.g., proton) on the semiconductor surface. A recombination of photoexcited carriers can
occur which involves the relaxation of photoexcited electron to the valence band from the
conduction band and this directly competes with the photocatalytic activity. The surface area of
semiconductors plays a vital role in their ability to act effectively as a photocatalyst. As generally
known for catalytic materials, a large surface area is advantageous because it allows for a higher
concentration of active sites per square meter, which leads to enhanced reactivity. The larger the
surface area and the higher the projected activity.18 Cadmium sulfide (CdS) has been widely
explored as a photocatalyst for hydrogen gas production.19 Despite the substantial advances made
over metal sulfide photocatalysts, it is worth noting that most sulfide photocatalysts are incapable
of completing the photocatalytic process on their own. The rapid recombination of photo-excited
4

charges in the bulk crystal is one of the most important factors.20 Research focused on
heterostructures in sulfide to facilitate charge separation has seen a lot of progress in recent
studies.21 Transition metal chalcogenides have garnered attention due to their layered structure and
unique photoelectronic properties such as high carrier mobility, narrow bandgap and large surface
area. This makes them suitable for use in a wide range of applications that includes energy storage
and conversion, organic catalysis. The narrow band gap features of metal sulfides (MSx) such as
CdS and In2S3 permit light absorption in the visible and even infrared ranges, thereby covering a
broad range of low energy bandwidth in the solar spectrum and improving the overall efficiency
of the MSx/TiO2 heterostructures.21,22
1.5 Heterostructured Semiconductor Nanoparticle Photocatalysts
Among the most promising and versatile nano systems are heterostructure or hybrid semiconductor
nanoparticles created by two or more dissimilar materials.23 This hybrid configuration arising
from the heterojunction of different materials results in efficient photocatalytic activity compared
to single component semiconductor nanoparticles by providing improved charge carrier
separation, large surface area and optimum band position. Efforts have been geared towards the
fabrication and synthesis of heterojunctions to improve the photocatalytic activities of
semiconductor heterostructures. There are different types of heterojunction photocatalysts such as
(i) semiconductor-semiconductor (S-S) heterojunctions; (ii) semiconductor-metal (S-M)
heterojunctions; (iii) multicomponent heterojunctions
1.5.1 Semiconductor - Semiconductor Heterojunctions
A heterojunction is an interface between two layers or regions of distinct crystalline
semiconductors where the semiconducting materials have uneven band gaps. The p–n
semiconductor heterojunction and non-p–n heterojunction systems are the two types of S–S
heterojunction systems. For very efficient charge collection and separation, the semiconductor p–
n junction is an effective architecture. When photons with energy greater than or equal to the
bandgaps of the photocatalysts are irradiated into the p–n heterojunction, the photo-generated
electron–hole pairs can be swiftly separated by the built-in electric field within the space charge
area. Electrons are moved to the CB of n-type semiconductors by the electric field, while holes are
sent to the VB of p-type semiconductors by the electric field.24 The p-n heterojunctions effectively
lead to extended lifetime for charge carriers, effective separation of charge carriers and quick
transfer of charge to catalyst. Various non-p–n heterojunction systems exist, with the staggered
band-gap form being the most favorable for photocatalytic applications. To create an efficient
heterostructure, the semiconductors A and B with matching band potentials are firmly connected.
Under visible light irradiation, electrons in the CB of semiconductor A can be transported to that
of semiconductor-B when the CB level of semiconductor B is lower than that of semiconductor A.
If the valence band of semiconductor B level is lower than semiconductor A, holes in valence band
of semiconductor B can be transmitted to semiconductor A. As a result, the internal field can
encourage the separation and migration of photogenerated carriers, lowering the barrier. As a
5

result, the likelihood of electron–hole recombination is lowered. The fact that the formation of a
heterojunction in semiconductor nanoparticles, for example core/shell structures, can further
enhance the fluorescence quantum yield and photostability, as well as alter the photoluminescence
dynamics of the resulting particles by opening new radiative/nonradiative pathways, explains their
broad application potential in optics, electronics, energy harvesting, and catalysis.25,26
Core/shell semiconductor nanoparticles are heterogeneous nanoparticles made up of two or more
components (metal, element, or biomolecules); one nanomaterial acts as a core in the center, while
the other material or materials are positioned around the central core (shell). Core/shell NPs are
essentially a sort of biphasic nanomaterial with an inner core and an outer shell made up of several
components.27 The properties of core-shell NPs, such as physicochemical, biological, and optical
properties, can be altered by changing the ingredients that make up the core or shell layer; this
ability to manipulate can result in an array of core-shell NPs that have numerous applications in
fields such as medicine, pharmacy, engineering, and material science.
The core/shell nano systems can be broadly categorized based on the band alignments of the
semiconductors into type-I, type-II, and quasi-type-II, displayed in Figure 5 below. The band gap,
electron affinity (lowest potential of the conduction band), and work function are three features of
coupled materials that govern the carrier dynamics at a heterojunction.28 Type-I band alignment
unlike type II are not efficient for photocatalysis. In the type-I system, the valence band of
semiconductor A is lower than the valence band of semiconductor B, conversely the conduction
band of semiconductor B is lower than the conduction band of semiconductor A. The implication
of this type of band alignment is such that photoexcited electron can move from semiconductor A
to semiconductor B, while holes can move from the semiconductor A to B resulting in exciton
confinement in semiconductor B which does not provide efficient charge carrier separation
necessary for optimal photocatalytic activity. The shell's surface passivation and the separation of
the core and surrounding media enable type-I NCs to have high quantum yield and increased
photostability. A well-known nanoscale heterostructure is the CdSe/ZnS core/shell nanoparticles,
which has a type-I or straddling gap configuration.29 The creation of a quasi-type II structure in a
CdSe/CdS heterojunction shows that the hole is restricted in the core and the electron can
delocalize in the shell.30 The type-II system, also known as the staggered band alignments, results
in spatial separation of the generated electron and hole located in distinct locations during
photoexcitation, making this system appropriate for charge separation.31 Another intermediate
instance is known as quasi type-II alignment. In this situation, the valence band or conduction band
of the core and shell are aligned, resulting in one of the charge carriers being delocalized across
the NCs while the other is limited to the core or shell.32
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Figure 4: Schematic representation of the energy-level band alignment in different core/shell
systems (a) type-I, (b) type-II, and (c) quasi-type-II alignments. Reproduced with permission from
reference 33.
1.5.2 Semiconductor - Metal Heterojunctions
Forming a semiconductor – metal (S–M) junction is another effective way to construct a spacecharge separation area (also known as the Schottky barrier). To align the Fermi energy levels,
electrons move from one material to the other (from the higher to the lower Fermi level) at the
interface of the two materials. The hetero-junction based on an n-type semiconductor and metal is
an example, with the ideal case being that the metal's work function is larger than that of the ntype semiconductor (such as TiO2), and electrons flow from the semiconductor into the metal to
modify Fermi energy levels. The Schottky barrier is formed when the metal has an excess of
negative charges, and the semiconductor has an excess of positive charges. The Schottky barrier
can act as an efficient electron trap in photocatalysis, preventing electron–hole recombination and
resulting in improved photocatalytic efficiency.
While core/shell semiconductors are used to achieve photogenerated charge carrier confinement
in the core leading to high photoluminescence quantum efficiencies, this arrangement leads to poor
photocatalytic activities which can be effectively improved by a metal-semiconductor
heterostructure arrangement. This type of arrangement present in a metal-semiconductor
heterostructure leads to a longer emission duration and improved optical gain.26 Charge separation
following light absorption by the semiconductor component is one of the most appealing features
that emerge at the semiconductor–metal nanojunction. The peculiar semiconductor–metal
interface produces spatial separation because the Fermi level of the metal component is situated
within the band gap of the semiconductor. This distinctive light-induced charge transfer resulting
in free charge carriers at the metallic domain has been shown to be extremely appealing for
harvesting light energy for photocatalytic reactions such as light-induced dye reduction, as
reported for CdSe–Au nanodumbbells.30 When light is absorbed, an electron–hole pair (exciton)
is generated at the semiconductor component, which is bound by the Coulomb interaction. Charge
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carrier recombination occurs not only in single particle but between heterojunction particles.
Charge separation is often achieved with multi-component heterostructures.
1.5.3 Multicomponent Heterojunctions
A multicomponent heterojunction, as displayed in Figure 4, is a system in which two or more
visible-light active components with appropriate band positions are combined with a metal
cocatalyst. spatially integrated or combined with an electron-transfer mechanism to improve
photocatalytic hydrogen gas production.33,34 Visible light excitation in both semiconductor A and
semiconductor B can result in electron transfer from semiconductor A to metal to semiconductor
B. In this multicomponent heterojunction system, the metal functions as a storage and/or
recombination center for the electrons in conduction band of semiconductor A and holes in the
valence band of semiconductor B. This helps to improve interfacial charge transfer and achieve
full separation of holes in semiconductor A and electrons in semiconductor B. Electrons are able
to migrate from the conduction band of semiconductor A via the Schottky barrier to the metal
because the conduction band of semiconductor A is higher than that of the metal. Conversely, the
electron is able to move from the metal to semiconductor B because the energy level of the metal
is above the valence band of B. Tuning the bandgaps of the constituent materials in
multicomponent TiO2 based photocatalysts for instance improves not only visible-light absorption
but also charge separation at different levels. Significant gains in photocatalytic hydrogen gas
production might be achieved by selecting the right size, shape, and composition of
multicomponent TiO2 based photocatalysts.33 Using a simple photochemical approach, Tada et
al.35 created a CdS–Au–TiO2 three-component nanojunction system. The photocatalytic activity
of this CdS–Au–TiO2 nanojunction was significantly higher than that of either the single
component or two component systems. This photocatalytic CdS–Au–TiO2 nanojunction system
removed 52.2 percent of methylviologen (MV2+ ) in 100 minutes, which is 1.6, 1.8, and 2.3 times
faster than Au/TiO2, CdS/TiO2, and TiO2 nanojunction systems, respectively.35

Figure 5: Schematic structure of CdS–Au–TiO2 multicomponent heterojunction system.
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1.6 Core/shell CdSe/CdS nanorods with platinum cocatalysts
Although CdSe/CdS core-shell nanocrystals do not present the perfect charge separation in its
structure, they are a very interesting model system for studying the interaction of quantum
confinement and photogenerated charge carrier access to the surface.36 Core–shell nanostructures
are nanoparticles that are encased and coated by an external shell that protects the core
nanoparticles from agglomeration and coalescence, which may occur during any sort of reaction.
This is due to the fact that the core size and shell thickness can be easily and independently varied
via layer-by-layer deposition of CdS on preformed CdSe spherical cores.37 Further, CdSe quantum
dots with a wurtzite crystal structure can be used as seeds for the formation of elongated CdSe/CdS
core/shell nanorods. These core/shell nanorods have the electronic structure of a semiconductorsemiconductor heterojunction while providing morphological asymmetry that facilitates the
deposition of metal cocatalysts at specific sites on the nanorod. The key driving force behind this
phenomenon is due to the long-range electrostatic interactions between the positively charged
metal atoms and the sulfur rich-facets of the nanorods.38,39 The crystal morphology dictates
selective metal deposition onto the host semiconductor, and surface capping gives distinct
chemical reactivities for different facets of the semiconductor nanocrystal. This results in selective
metal deposition onto the semiconductor, with the first nucleation occurring on a more reactive
facet, followed by a less reactive facet. Selective metal deposition can be obtained through defectmediated growth, which is achievable due to the increased energy of defects, which allows for
secondary nucleation.40 Electrochemical Ostwald ripening processes have been discovered to be
another alternative method for selective one-tip metal deposition onto semiconductor nanocrystals.
This electrochemical Ostwald ripening process works on the same principles as Ostwald ripening,
in which a tiny island of particles dissolves to feed the formation of a bigger island. Furthermore,
the electrochemical ripening process requires the oxidation or reduction of metal components.41
Metal deposition aided by thermal or photochemical means can result in a variety of metallic
patterns on the semiconductor surface. This is mostly determined by parameters such as surface
ligand selection, metal precursor concentration, and reaction temperature. High temperature, for
example, causes facet-selective platinum deposition on CdS nanorods whereas photodeposition
of platinum onto CdS provides little selectivity.39
Displayed below is the diagrammatic representation of CdSe/CdS-Pt semiconductor nanorods in
Figure 6a. This long-distance spatial separation of electrons and holes in the axial direction over
three domains increases the lifetime of charge-separated states. Figure 6b displays the structure,
bound excitons, and separation of charges by a cocatalyst core/shell semiconductor (CdSe/CdSPt) to produce hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) via water
splitting is displayed below. This diagram shows excitation of the CdS domain. A similar result is
obtained by exciting the CdSe domain. We focus on light absorption in the CdS domain because
it is the larger domain, and it is the shell of this structure.
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Figure 6: (a) Schematic diagram to illustrate multicomponent co-catalyst semiconductor
nanoparticle composed of CdSe/CdS-Pt nanorods for H2 evolution. Adapted from reference 42. (b)
Diagram illustrating the structure, bound excitons and separation of charges for CdSe/CdS-Pt.
1.7 Research motivation
Janus nanoparticles have two or more distinct sides that differ in composition and surface structure.
This unique surface of Janus particles allows two different types of chemistry to occur on the same
particle while creating an interface between these two materials that has its own chemical
properties. We are interested in using the Ni-Fe Janus nanoparticles of Suryanto et al. (Figure 1)
as metal cocatalysts on semiconductor nanoparticles.6 Our goal is to develop new synthetic
methods to grow these Janus nickel/iron nanoparticles on CdSe/CdS semiconductor nanorods to
create a new photocatalyst system. Thereafter we will compare the photocatalytic activity these
nickel/iron-functionalized nanoparticles with platinum-functionalized nanoparticles synthesized
by similar methods. The research described in this thesis includes synthesis of CdSe quantum dots
(chapter 3), CdSe/CdS core/shell nanorods (chapter 4), and deposition of platinum onto these
nanorods (chapter 5). Preliminary results from iron and nickel deposition are also presented in
chapter 6.
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Chapter 2: Materials and Methods
2.1 Materials
Cadmium oxide, trioctyphosphine oxide, octadecylphosphonic acid, trioctylphosphine, selenium,
toluene, octadecene, hexylphosphonic acid, oleic acid, diphenyl ether, 1,2-hexadecanediol,
Pt(acac)2, diglyme, nickel (II) nitrate hexahydrate, 1-dodecylamine, triiron dodecacarbonyl,
oleylamine and 1,2-dichlorobenzene were purchased from Sigma Aldrich and used directly with
no purification step involved.
2.2 UV-Vis Spectroscopy
A Shimadzu UV-2600 UV-VIS Spectrophotometer was used to obtain UV-vis spectra. Our
samples were held in a 0.5mL quartz cuvette. A wavelength range of 300 nm to 800 nm was used
to scan the samples. The spectrophotometer was set to its slowest speed, with 1-nm increments.
The spectrometer was blanked using the solvent our synthesized particles were dispersed in.
2.3 Fluorimetry
The emission spectra were obtained using Shimadzu RF-5301 PC spectrofluorometric
fluorometer. The samples were diluted in a 0.5 mL quartz cuvette. The spectra were subtracted
from an empty cuvette that served as a blank. To obtain quality data, the instrument was set to 200
scans per minute. For minimal spectral quality degradation, the instrument was set to a slower
speed.
2.4 Transmission Electron Microscope
A JEOL 1400Plus transmission electron microscope was used to image synthesized particles for
TEM imaging. A voltage setting of 100kv was used for imaging. The magnification of the images
ranged from 100x to 250000x. A lanthanum hexaboride (LaB6) filament was used. Copper grids
(200 mesh) were coated with a thin carbon film. The carbon films were obtained by vacuum
deposition of carbon onto mica. The carbon was removed from the mica by placing it in water, and
the floating carbon film was collected onto copper grids.
2.5 Thermal Gravimetry Analysis
A Netzsch STA Jupiter STA449F1 TGA-DSC was used to conduct the thermal analysis. To ensure
that all water was extracted from the system, the program used a 10°C/min ramp rate with a 10minute hold at 100°C. After that, the instrument would ramp up to 600°C and finish the test.
Nitrogen gas was used for the TGA.
2.6 Centrifugation
In 50-mL polypropylene centrifuge tubes from VWR, samples were centrifuged using a Thermo
Scientific Sorvall ST 8 with a radius of 12 cm (max rcf 17,000 g).
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Chapter 3: CdSe Quantum Dots Synthesis
The first step in the synthesis of the nanorods was to start by synthesizing the CdSe core with the
reaction scheme shown below (Scheme 1). The quantum dots were characterized using TGA,
fluorimetry and UV-Vis. Trioctylphosphine oxide is a coordinating agent and
octadecylphosphonic acid is a ligand used during CdSe quantum dot synthesis, that binds to surface
cadmium atoms to form cadmium complex. Trioctylphosphine is used to dissolve selenium powder
and 1- octadecene is used to quickly stop nanoparticle growth by diluting and cooling the reaction.

Scheme 1: Reaction scheme for the preparation of CdSe quantum dots (QDs).
3.1 Procedure for the Synthesis of CdSe Quantum Dots
A stock solution of trioctylphosphine and selenium was prepared by adding elemental selenium
powder (1.398 g) in a 20-mL vial with stir bar, sealing with septum, evacuating air, and filling
with argon. Trioctylphosphine (10 mL) was then injected under argon and the solution was
stirred/sonicated until the solids dissolved (note that it is important to minimize contact between
the trioctylphosphine and the septum). Cadmium oxide (180 mg), trioctylphosphine oxide (9.00
g), and octadecylphosphonic acid (840 mg) were loaded into a 100 mL three-neck round-bottom
flask with stir bar, fitted with a reflux condenser connected to a Schlenk line, a temperature probe
was connected, and the remaining neck was sealed with a septum (note that glass extensions were
used to minimize contact of the septum with the reaction mixture). This red/brown mixture was
placed under vacuum and heated to 150 °C for 20 minutes. The headspace of the flask was then
filled with argon and the mixture was heated to 300 °C and held at this temperature until a
clear/colorless solution was observed (note that some red solids may need to be gently washed
down from the side walls). After forming the colorless solution, trioctylphosphine (5.5 mL) was
injected and the solution was heated to 380 °C. The heating mantle was carefully removed, the
stirring was allowed to stabilize, and then trioctylphosphine/selenium stock solution (1.2 mL) was
quickly injected. After 12 seconds, octadecene (15 mL) was injected slowly (over a period of
approximately 10 seconds) to quench the reaction. Toluene (15 mL) was injected after cooling to
approximately 100 °C to prevent solidification of the mixture at room temperature. After cooling
to room temperature, the crude product was transferred to two 50 mL centrifuge tubes then each
tube was diluted to approximately 48 mL with ethanol to precipitate the particles. The dispersions
were centrifuged for 7 minutes at 7000 rpm and supernatants were decanted. The obtained pellets
were dispersed in 15 mL toluene each, diluted to approximately 47 mL with ethanol, and
centrifuged for 7 minutes at 7000 rpm, and the supernatants were decanted. The above pellets were
dispersed in 15 mL toluene each, diluted to approximately 47 mL with ethanol, and centrifuged
for 7 minutes at 7000 rpm, before the supernatants were decanted. The pellets obtained from the
12

third centrifugation cycle were transferred to a tared vial with dichloromethane and a small sample
(2 drops) was taken for TEM and dispersed in toluene (1 mL). The dichloromethane was
evaporated under reduced pressure and the resulting solids were dried under vacuum at 60 °C for
up to 2 days. A TEM grid was prepared by drop-casting the above toluene dispersion onto a carboncoated copper grid. A yield of 0.44 g was achieved.
3.2 Characterization
3.2.1 UV-Vis spectroscopy
The UV-visible absorbance spectra of CdSe quantum dots is shown in Figure 7. We notice several
peaks in the absorbance spectrum. The lowest energy absorbance maximum at 500 nm was used
to estimate the size of the particles. This estimation is based on an empirical correlation between
size and absorbance maximum reported by Peng et al.43 This approach provides an estimation of
the size of the NPs.
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Figure 7: UV-Vis absorption spectra of CdSe. This shows a low energy absorbance peak at 500
nm
The size of the CdSe quantum dots can be calculated using Peng’s equation.43
CdSe: D = (1.6122 × 10-9)λ4 - (2.6575 × 10-6)λ3 + (1.6242 × 10-3)λ2 - (0.4277)λ + (41.57)
From the above equation D (nm) is the diameter of a specific nanocrystal sample, and λ (nm) is
the wavelength of the associated sample's lowest excitonic absorption peak in the above equations.
We used 500 nm for λ and calculated an estimated diameter of 2.38 nm.
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3.2.2 Fluorimetry
The fluorescence emission spectra and absorbance spectra of the CdSe quantum dots represented
by dash orange line and black line are shown in Figure 8. From the emission spectrum we observe
three emission profiles. The sample was excited at 350 nm leading to emission peaks at 460 nm
and 510 nm. The strong fluorescence peak at 700 nm is a consequence of second order diffraction.
The emission profiles at 460 nm and 510 nm corresponds to the absorbance peak observed at 450
nm and 500 nm respectively. The broad peak from about 547 nm to 690 nm approximately is likely
due to surface trap states on these CdSe quantum dots. If that is the case, then the contribution
from the broad peak should decrease or completely go away after adding a CdS shell.
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Figure 8: Fluorescence emission spectra of CdSe quantum dot is observed at 460 nm and 510 nm
agrees with the absorbance peak at 450 nm and 500 nm respectively. The fluorescence spectra
were measured at excitation wavelength of λex = 350 nm.
3.2.3 Transmission Electron Microscopy (TEM)
The TEM images for the CdSe quantum dots are shown in Figure 9. The nanoparticles have an
average particle diameter of 2.4 nm with a standard deviation 0.9 nm. Additionally, the shape of
the CdSe quantum dot appears elongated and has an aspect ratio of 1.72. The elongated shape
appearance of the CdSe quantum dot may be a consequence of extended reaction time during the
quantum dots synthesis.44
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Figure 9: TEM image of CdSe QD showing a diameter of 2.4 ± 0.9nm, n=100. The CdSe
quantum dots were not completely spherical in shape and had an aspect ratio of 1.72.
3.2.4 Thermal Gravimetry Analysis (TGA)
TGA analysis (Figure 10) performed on the CdSe quantum dots revealed that 62% by mass of our
starting material was lost which is equivalent to the organic content and the remaining 38% is our
CdSe quantum dots.

Figure 10: TGA of the CdSe quantum dots with 38% by mass of quantum dot synthesized.
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Chapter 4: CdSe/CdS Core/Shell Nanorods
4.1 Synthesis of CdSe/CdS Core/Shell nanorods
After synthesizing the core CdSe quantum dots, steps were taken to grow the CdS shell around it.
The synthesis involved reacting cadmium oxide with ligands to form a cadmium complex solution,
followed by injecting a solution containing sulfur and CdSe quantum dots to form CdS in the
presence of CdSe quantum dots. The nanorod synthesis follows a classical heterogeneous
nucleation process in which CdSe (seed) act as a template for nanocrystal growth. The
heterogeneous nucleation process occurs on the surface of the CdSe seed, and it is a fast process.
As a result, it is the most prevalent type of nucleation expected in this reaction. The reaction
scheme for the CdSe/CdS nanorods synthesis is shown in Scheme 2 below.

Scheme 2: Reaction scheme for synthesis of CdSe/CdS core/shell nanorod
4.2 Procedure for CdSe/CdS Core/Shell Nanorods Synthesis
A stock solution containing trioctylphosphine, sulfur, and CdSe quantum dots was prepared by
adding elemental sulfur powder (500 mg) and 80 mg of CdSe quantum dots in a 20 mL vial with
stir bar, sealing with septum, evacuating air, and filling with argon. Trioctylphosphine (15 mL)
was then injected under argon and the solution was stirred overnight and protected from light until
the solids dissolved. Cadmium oxide (0.32 g), trioctylphosphine oxide (12 g),
octadecylphosphonic acid (1.12 g), and hexylphosphonic acid (0.32 g) were loaded into a 100 mL
three-neck round-bottom flask with stir bar, fitted with a reflux condenser connected to a Schlenk
line, a temperature probe was connected, and the remaining neck was sealed with a septum. This
red/brown mixture was placed under vacuum and heated to 150 °C for 30 minutes with stirring at
300 rpm. The headspace of the flask was then filled with argon and the mixture was heated to 320
°C and held at this temperature until a clear/colorless solution was observed. After forming the
colorless solution, trioctylphosphine (7.2 mL) was injected and the solution was held at 320 °C for
an additional 20 minutes. The solution was then heated to 380 °C and the
trioctylphosphine/sulfur/CdSe quantum dots stock solution (7.2 mL) was quickly injected, and the
temperature was held at approximately 350 °C for 6 minutes before removing the heating mantle.
Toluene (20 mL) was slowly injected after cooling to approximately 150 °C to prevent
solidification of the mixture at room temperature. After cooling to room temperature, the crude
product was transferred to four 50 mL centrifuge tubes, each tube was diluted to 27 mL with
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toluene, and then diluted to approximately 48 mL with ethanol to precipitate the particles. The
dispersions were shaken to mix and then centrifuged for 7 minutes at 7000 rpm before the
supernatants were decanted. The above pellets were dispersed in 22 mL toluene each by vortex
mixing, diluted to approximately 48 mL with ethanol, shaken to mix the solvent, and centrifuged
for 7 minutes at 7000 rpm before the supernatants were decanted. The above pellets were dispersed
in 12 mL toluene each, diluted to approximately 48 mL with ethanol, shaken to mix, and
centrifuged for 10 minutes at 7000 rpm before the final supernatants were decanted. The pellets
obtained from the third centrifugation cycle were transferred to a tared vial with dichloromethane
and a small sample (a few drops) was taken for TEM and dispersed in toluene (0.5 mL). The
dichloromethane was evaporated under reduced pressure and the resulting solids were dried under
vacuum at 60 °C for two days to get a yield of 0.28 g.
4.3 Characterization
4.3.1 UV-Vis spectroscopy
The formation of a shell around a core nanoparticle alters its optical properties. The difference in
optical properties between the core-shell particles and the bare nanoparticles is evidence of shell
growth. The absorption spectra for CdSe/CdS nanorods is shown in Figure 11. A peak is observed
at approximately 450 nm, and a small shoulder is observed at 550 nm. The shoulder peak is
dependent on the diameter of the CdSe core. The formation of the core-shell structure is red-shifted
by 50 nm relative to that of CdS core (500 nm). The red shifts at 550 nm in the absorption spectra
of the core-shell nanoparticles in comparison to the CdSe core are attributed to quantum
confinement relaxation caused by shell growth. 45,46

Figure 11: UV-Vis absorption spectra of CdSe/CdS core/shell nanorods with a peak at 450 nm and
a shoulder peak at 550 nm.
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4.3.2 Fluorimetry
Figure 12 a depicts the emission spectra of CdSe/CdS nanorods represented by the dashed orange
line while the solid black line represents the region of the absorbance profile of the CdSe/CdSe
nanorods zoomed in on. The emission spectra CdSe/CdS core/shell peaks at 560 nm which agrees
with the absorbance profile that has a small shoulder at 550nm. The fluorescence emission peak at
560 nm for CdSe/CdS nanorods is higher than the emission peak observed at 510 nm for CdSe
quantum dots as a consequence of the growth of the CdS nanorod shell. Additionally, two emission
profiles are observed in the CdSe core while just a single sharp peak is present in the CdSe/CdS
nanorods. This sharp emission peak is attributed to the CdSe core being covered by a thicker CdS
shell preventing nonradiative relaxation pathways at the CdSe nanoparticle surface.46 Figure 12 b
shows the absorbance and emission spectra of the nanorods plotted against energy. This is to make
for an easier comparison with the literature, where they used the appearance of a small absorbance
shoulder correlating with nanorod emission as an evidence of shell growth.47
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Figure 12: a) Emission spectra of CdSe/CdS nanorods (orange dashed line, right y-axis) is
observed at 560 nm and corresponds to the absorbance spectra shoulder of at 550 nm (black solid
line, left y-axis). The fluorescence spectra were measured at excitation wavelength of λex = 510
nm. b) Absorbance and emission plotted as a function of photon energy. The solid red line
represents a portion of the absorbance spectrum (left y-axis) with the absorbance values multiplied
3x.
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4.3.3 Transmission Electron Microscope (TEM)
TEM images for the core/shell CdSe/CdS nanorods are shown in Figure 13. Transmission electron
microscopy revealed nanorod structures with an average length of 113.1 ± 9.6 nm and diameter of
2.7 ± 0.9 nm. The CdSe/CdS nanorods are elongated leading to some of the particles being bent.48

Figure 13: TEM image of CdSe/CdS showing nanorods with the length = 113.1 ± 9.6 nm, diameter
= 2.7 ± 0.9 nm, n = 100. The black scale bar shown below the image represents 50 nm.
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Chapter 5: Platinum Deposition onto CdSe/CdS Nanorods
5.1 Platinum Deposition Reaction
The procedure for the deposition of platinum cocatalysts onto CdSe/CdS nanorods was adapted
from the literature.10 It involved a hot-injection of platinum (II) acetylacetonate and CdSe/CdS
nanorods into diphenyl ether containing 1,2-hexadecanediol, oleic acid, and oleylamine at 225 °C.
The reaction scheme for the deposition of platinum unto CdSe/CdS is displayed below in Scheme
3.

Scheme 3: Reaction scheme for the deposition of platinum onto CdSe/CdS nanorods
5.2 Procedure for Platinum Tipping onto CdSe/CdS Core/Shell
Oleic acid (0.1 mL, 6.08 10-4 mol), oleylamine (0.1 mL, 6.34 10-4 mol), 1,2-hexadecanediol (0.021
g, 1.66 10-4 mol), and 5 mL diphenyl ether were placed into a 50 mL three-neck-round bottom
with a reflux condenser and a 1" stir bar. To deoxygenate the reaction mixture and eliminate
moisture from the vessel, the reaction mixture was heated to 80 °C under vacuum for 30 minutes
at 300 RPM using a heating mantle and temperature probe. Separately, platinum (II)
acetylacetonate (0.012 g, 6.36 10-5 mol) and CdSe/CdS nanorods (12 mg) were dispersed in 0.7
mL 1,2-dichlorobenzene by vortex mixing followed by sonication for at least 30 minutes shortly
prior to injection. The platinum/nanorod dispersion was then injected into the reaction mixture
using a syringe at 225 °C under argon. The reaction had turned entirely black after 8 minutes and
was withdrawn from the heating mantle. After cooling down below 100 °C, toluene (10 mL) was
injected. The crude, room temperature product was transferred to a 50 mL centrifuge tube, diluted
with toluene to 35 mL, and precipitated with the addition of 10 mL ethanol. A black supernatant
and a brown pellet were obtained after 12 minutes of centrifugation at 2500 rpm. The supernatant
was decanted, and the pellet was dispersed in 35 mL toluene by vortex mixing before adding 10mL
EtOH to the centrifuge tube. A dark-colored supernatant and brown pellet were obtained after 12
minutes of centrifugation at 2500 rpm. Using dichloromethane, the pellet was transferred to a tared
vial, and a small (0.1 mL) sample was obtained, dispersed in toluene (1 mL) in a small vial, and
cast onto a TEM grid. The DCM was then evaporated under reduced pressure and the pellet was
dried in vacuum at 55 °C overnight to determine an isolated yield of 0.001g.
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5.3 Characterization
5.3.1 Transmission Electron Microscope (TEM)
The TEM images for the platinum tipped core/shell CdSe/CdS nanorods are displayed in Figure
14 for two different loadings of Pt(acac)2 used in the metal deposition reaction. At a loading of 40
mg Pt(acac)2 per 25 mg nanorods, the platinum nanoparticles in Figure 14a have an average
diameter of 3.99 +/- 1.3 nm with 60% of the nanorods having a detectable platinum nanoparticle
on average. At a loading of 25 mg Pt(acac)2 per 25 mg nanorods, the platinum nanoparticles in
Figure 14b have an average diameter of the average diameter of 1.48 +/- 1.8 nm with 20% of the
nanorods having a detectable platinum nanoparticle on average. It is observed that the platinum
particles are deposited preferentially at the tip of CdSe/CdS nanorods. The key driving force
behind this phenomenon is due to the long-range electrostatic interactions between the positively
charged platinum metal atoms and the sulfur rich-facets of the nanorods.38,39

a

b

Figure 14: TEM images of platinum tipped CdSe/CdS nanorods. (a) The diameter of the platinum
nanoparticles is 3.99 ± 1.3 nm. (b) The diameter of the platinum nanoparticles is 1.98 ± 1.3 nm.
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Chapter 6: Nickel-Iron Deposition onto CdSe/CdS Core/Shell Nanorods
6.1 Nickel-Iron Tipping onto CdSe/CdS Core/Shell Nanorods
The motivation behind the deposition of nickel-iron particles onto CdSe/CdS semiconductor
nanorods was influenced by a recent report which reported obtaining similar results for the
production of hydrogen gas by platinum-based catalyst, for their synthesized Janus nickel-iron
nanoparticles.49 Based on this development, we explore the possibility of depositing these Janus
nickel-iron particles on an existing CdSe/CdS semiconductor component to create a new
photocatalytic system that be compared with platinum functionalized nanoparticle deposited on
similar semiconductor component. The nickel source was dispersed in diglyme while the iron
source was dispersed in 1-dodecylamine and 1-octadecene. The reaction scheme displayed below
in Scheme 4 is the synthesis of nickel-iron deposition on CdSe/CdS nanorods.

Scheme 4: Reaction scheme for nickel-iron tipping onto CdSe/CdS core/shell nanorods
6.2 Procedure for Nickel-Iron Tipping onto CdSe/CdS Core/Shell Nanorods
Oleic acid (0.1 mL, 6.08 10-4 mol), oleylamine (0.1 mL, 6.34 10-4 mol), 1,2-hexadecanediol (0.021
g, 1.66 10-4 mol), and 5 mL diphenyl ether were placed into a 50 mL three-neck-round bottom
with a reflux condenser and a 1" stir bar. To deoxygenate the reaction mixture and eliminate
adventitious moisture from the vessel, the reaction mixture was heated to 80 °C under vacuum for
30 minutes at 300 RPM using a heating mantle and temperature probe. The iron precursor was
made by combining Fe3(CO)12 (0.0151 g), 1-dodecylamine (1.51 g), and 1-octadecene (0.7 mL) in
a vial with a stir bar and heating under argon at 75 ° C until a red-blood solution was observed.
Separately, Ni(NO3)2.6H2O (87mg) is dispersed in 0.7 mL diglyme, and CdSe/CdS nanorods (12
mg) are dispersed in 1,2-dichlorobenzene (0.7 mL) by vortex mixing followed by sonication for at
least 30 minutes shortly prior to injection. The reaction mixture was then heated to 250 °C under
argon before injecting the first CdSe/CdS nanorod dispersion via syringe into the reaction mixture,
followed immediately by the nickel precursor, and allowed to react for 30 minutes under argon
before injecting the Iron precursor and allowing to react for 1 hour. After that, toluene (5 mL) was
injected after the temperature had dropped below 100 °C. The crude product was transferred to a
50 mL centrifuge tube, diluted to 10 mL with toluene, and precipitated with 35 mL ethanol. A
black supernatant and a brown pellet were obtained after 12 minutes of centrifugation at 2500 rpm.
Before adding 35 mL EtOH to the centrifuge tube, the supernatant was decanted, and the particle
was dispersed in 10 mL toluene. A dark colored supernatant and brown pellet were obtained after
12 minutes of centrifugation at 2500 rpm. Using dichloromethane, the pellet was transferred to a
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tared vial, and a small (0.1 mL) sample was obtained, dispersed in toluene (1 mL) in a small vial,
and cast onto a TEM grid. The DCM was then evaporated under reduced pressure and the pellet
was dried in vacuum at 55 °C overnight to obtain an isolated yield of 0.002g.
The next step of action is to carry out the deposition of Janus nickel-iron nanoparticles onto
CdSe/CdS semiconductor nanorods and investigate the morphology of the synthesized materials
using TEM. Previously, experiments were carried out to determine the best source of iron. Iron
(II) chloride tetrahydrate was initially used as the iron precursor to confirm if it can be tipped onto
CdSe/CdS nanorods. This was however not the case as the nanorods were consumed during the
synthetic process based on the results obtained from the TEM characterization. We attribute the
consumption of the nanorods to be likely due to the iron salts being reduced to iron (0) during the
reaction process. We moved away from iron (II) chloride tetrahydrate and ultimately settled for
triirondodecarbonyl as the iron source for the Janus nickel-iron nanoparticles over iron (II) chloride
tetrahydrate because it is a stable source of iron(0) and the nanorods are not consumed during the
synthetic process.
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Chapter 7: Conclusion
The objective of this research is to work towards the deposition of Janus nickel-iron nanoparticles
onto CdSe/CdS semiconductor nanorods and subsequently compare the photocatalytic
performance of the nickel/iron-functionalized nanoparticles with the benchmark platinumfunctionalized nanoparticles prepared via a similar method. The research began with the initial
synthesis of the CdSe quantum dots. The optical properties of the CdSe quantum dots were
investigated using UV-Vis and fluorimetry, revealing the lowest energy absorbance at 500 nm and
a red-shifted emission peak at 510 nm respectively. The size of the CdSe quantum dots was
estimated to be 2.38 nm with an elongated appearance (aspect ratio of 1.72). We used a two-step
approach for growing an extended CdS shell over CdSe cores, resulting in CdSe/CdS core/shell
nanorods. These nanorods with CdS shells exhibited a single sharp emission peak in comparison
to the uncoated CdSe quantum dots. From the TEM characterization, the average length and
diameter of the CdSe/CdS was calculated to be 113.1 ± 9.6 nm and 2.7 ± 0.9 nm, respectively.
Control over the elongated length and thickness of the CdS rods can be achieved by varying the
amount of the sulfur precursor or the amount of quantum dots seeds used. The CdSe/CdS nanorods
showed an emission peak at 560 nm which agrees with the absorbance shoulder at 550 nm, and
the absorbance at 550 nm for the nanorods versus 500 nm for the quantum dots is consistent with
the growth of CdS nanorod shells around the CdSe quantum dot seeds. Following the growth of
the CdS shell around the CdSe, platinum nanoparticles were deposited to get a platinum tipped
CdSe/CdS nanorods. The platinum metal cocatalyst is important in optimizing the material’s
capability in promoting the reaction of interest by facilitating efficient long-term charge carrier
separation and reduce intermediate back reaction. This type of heterostructure architecture, which
we refer to as a multicomponent nano-heterostructure, allows for the re-engineering of parameters
such as the distance between reaction sites via control over the length of the rod and the degree of
charge separation by tuning the seed size, making this heterostructure an intriguing model for
photocatalysis research. These materials may be of interest for a range of optical application such
as solar and fuel cells, photocatalysis, electronics, and photonics.50 More detailed study on this
multicomponent nanostructure system involving deposition of nickel-iron nanoparticles onto
CdSe/CdS semiconductor nanorods is presently ongoing, with the goal of decreasing material costs
while maintaining photocatalytic efficiency.

24

REFERENCE
(1)

Shi, Q.; Zhu, C.; Du, D.; Lin, Y. Robust Noble Metal-Based Electrocatalysts for Oxygen
Evolution Reaction. Chem. Soc. Rev. 2019, 48 (12), 3181–3192.
https://doi.org/10.1039/c8cs00671g.

(2)

Zhang, B.; Xue, Y.; Jiang, A.; Xue, Z.; Li, Z.; Hao, J. Ionic Liquid as Reaction Medium
for Synthesis of Hierarchically Structured One-Dimensional MoO2 for Efficient
Hydrogen Evolution. ACS Appl. Mater. Interfaces 2017, 9 (8), 7217–7223.
https://doi.org/10.1021/acsami.7b00722.

(3)

Ravishankar, T. N.; De Oliveira Vaz, M.; Khan, S.; Ramakrishnappa, T.; Teixeira, S. R.;
Balakrishna, G. R.; Nagaraju, G.; Dupont, J. Enhanced Photocatalytic Hydrogen
Production from Y2O3/TiO2 Nano-Composites: A Comparative Study on Hydrothermal
Synthesis with and without an Ionic Liquid. New J. Chem. 2016, 40 (4), 3578–3587.
https://doi.org/10.1039/c5nj03711e.

(4)

Xu, W.; Lu, Z.; Wan, P.; Kuang, Y.; Sun, X. High-Performance Water Electrolysis
System with Double Nanostructured Superaerophobic Electrodes. Small 2016, 12 (18),
2492–2498. https://doi.org/10.1002/smll.201600189.

(5)

You, B.; Sun, Y. Innovative Strategies for Electrocatalytic Water Splitting. Acc. Chem.
Res. 2018, 51 (7), 1571–1580. https://doi.org/10.1021/acs.accounts.8b00002.

(6)

Suryanto, B. H. R.; Wang, Y.; Hocking, R. K.; Adamson, W.; Zhao, C. Overall
Electrochemical Splitting of Water at the Heterogeneous Interface of Nickel and Iron
Oxide. Nat. Commun. 2019, 10 (1). https://doi.org/10.1038/s41467-019-13415-8.

(7)

Ravishankar, T. N.; de O. Vaz, M.; Ramakrishnappa, T.; Teixeira, S. R.; Dupont, J.; Pai,
R. K.; Banuprakash, G. The Heterojunction Effect of Pd on TiO2 for Visible Light
Photocatalytic Hydrogen Generation via Water Splitting Reaction and Photodecolorization
of Trypan Blue Dye. J. Mater. Sci. Mater. Electron. 2018, 29 (13), 11132–11143.
https://doi.org/10.1007/s10854-018-9197-7.

(8)

Perry, D.; Waiskopf, N.; Verbitsky, L.; Remennik, S.; Banin, U. Shell Stabilization of
Photocatalytic ZnSe Nanorods. ChemCatChem 2019, 11 (24), 6208–6212.
https://doi.org/10.1002/cctc.201901190.

(9)

Zámbó, D.; Schlosser, A.; Graf, R. T.; Rusch, P.; Kißling, P. A.; Feldhoff, A.; Bigall, N.
C. One-Step Formation of Hybrid Nanocrystal Gels: Deposition of Metal Domains on
CdSe/CdS Nanorod and Nanoplatelet Networks. Adv. Opt. Mater. 2021, 9 (17).
https://doi.org/10.1002/adom.202100291.

(10)

Hill, L. J.; Bull, M. M.; Sung, Y.; Simmonds, A. G.; Dirlam, P. T.; Richey, N. E.; Derosa,
S. E.; Shim, I. B.; Guin, D.; Costanzo, P. J.; Pinna, N.; Willinger, M. G.; Vogel, W.; Char,
K.; Pyun, J. Directing the Deposition of Ferromagnetic Cobalt onto Pt-Tipped CdSe@CdS
Nanorods: Synthetic and Mechanistic Insights. ACS Nano 2012, 6 (10), 8632–8645.
https://doi.org/10.1021/nn3019859.

(11)

Nagaraju, G.; Manjunath, K.; Sarkar, S.; Gunter, E.; Teixeira, S. R.; Dupont, J. TiO2RGO Hybrid Nanomaterials for Enhanced Water Splitting Reaction Dedicated to 108th
25

Birthday (Born April 1, 1907) of Dr. Sree Sree Sree Shivakumara Mahaswamiji,
Siddaganga Matta, Tumakuru, Karnataka, India. Int. J. Hydrogen Energy 2015, 40 (36),
12209–12216. https://doi.org/10.1016/j.ijhydene.2015.07.094.
(12)

Maeda, K. Photocatalytic Water Splitting Using Semiconductor Particles: History and
Recent Developments. J. Photochem. Photobiol. C Photochem. Rev. 2011, 12 (4), 237–
268. https://doi.org/10.1016/j.jphotochemrev.2011.07.001.

(13)

Han, C.; Qi, M. Y.; Tang, Z. R.; Gong, J.; Xu, Y. J. Gold Nanorods-Based Hybrids with
Tailored Structures for Photoredox Catalysis: Fundamental Science, Materials Design and
Applications. Nano Today 2019, 27, 48–72. https://doi.org/10.1016/j.nantod.2019.05.001.

(14)

Barawi, M.; Ferrer, I. J.; Flores, E.; Yoda, S.; Ares, J. R.; Sánchez, C. Hydrogen
Photoassisted Generation by Visible Light and an Earth Abundant Photocatalyst: Pyrite
(FeS2). J. Phys. Chem. C 2016, 120 (18), 9547–9552.
https://doi.org/10.1021/acs.jpcc.5b11482.

(15)

Liu, J.; Zhao, H.; Wu, M.; Van der Schueren, B.; Li, Y.; Deparis, O.; Ye, J.; Ozin, G. A.;
Hasan, T.; Su, B. L. Slow Photons for Photocatalysis and Photovoltaics. Adv. Mater. 2017,
29 (17), 1–21. https://doi.org/10.1002/adma.201605349.

(16)

Jiang, D.; Sun, Z.; Jia, H.; Lu, D.; Du, P. A Cocatalyst-Free CdS Nanorod/ZnS
Nanoparticle Composite for High-Performance Visible-Light-Driven Hydrogen
Production from Water. J. Mater. Chem. A 2015, 4 (2), 675–683.
https://doi.org/10.1039/c5ta07420g.

(17)

Hayden, S. C.; Allam, N. K.; El-Sayed, M. A. TiO2 Nanotube/CdS Hybrid Electrodes:
Extraordinary Enhancement in the Inactivation of Escherichia Coli. J. Am. Chem. Soc.
2010, 132 (41), 14406–14408. https://doi.org/10.1021/ja107034z.

(18)

Chang, H. T.; Wu, N. M.; Zhu, F. A Kinetic Model for Photocatalytic Degradation of
Organic Contaminants in a Thin-Film TiO2 Catalyst. Water Res. 2000, 34 (2), 407–416.
https://doi.org/10.1016/S0043-1354(99)00247-X.

(19)

Nyamukamba, P.; Moloto, M. J.; Mungondori, H. Visible Light-Active CdS/TiO2 Hybrid
Nanoparticles Immobilized on Polyacrylonitrile Membranes for the Photodegradation of
Dyes in Water. J. Nanotechnol. 2019, 2019. https://doi.org/10.1155/2019/5135618.

(20)

Maity, P.; Mohammed, O. F.; Katsiev, K.; Idriss, H. Study of the Bulk Charge Carrier
Dynamics in Anatase and Rutile TiO2 Single Crystals by Femtosecond Time-Resolved
Spectroscopy. J. Phys. Chem. C 2018, 122 (16), 8925–8932.
https://doi.org/10.1021/acs.jpcc.8b00256.

(21)

Hu, J.; Liu, A.; Jin, H.; Ma, D.; Yin, D.; Ling, P.; Wang, S.; Lin, Z.; Wang, J. A Versatile
Strategy for Shish-Kebab-like Multi-Heterostructured Chalcogenides and Enhanced
Photocatalytic Hydrogen Evolution. J. Am. Chem. Soc. 2015, 137 (34), 11004–11010.
https://doi.org/10.1021/jacs.5b04784.

(22)

Conesa, J. C. Jos é C. Conesa. 2022.

(23)

Carbone, L.; Cozzoli, P. D. Colloidal Heterostructured Nanocrystals: Synthesis and
Growth Mechanisms. Nano Today 2010, 5 (5), 449–493.
26

https://doi.org/10.1016/j.nantod.2010.08.006.
(24)

Jiang, L.; Zhou, G.; Mi, J.; Wu, Z. Fabrication of Visible-Light-Driven One-Dimensional
Anatase TiO 2/Ag Heterojunction Plasmonic Photocatalyst. Catal. Commun. 2012, 24,
48–51. https://doi.org/10.1016/j.catcom.2012.03.017.

(25)

Singh, R.; Bhateria, R. Core–Shell Nanostructures: A Simplest Two-Component System
with Enhanced Properties and Multiple Applications. Environ. Geochem. Health 2020, 1.
https://doi.org/10.1007/s10653-020-00766-1.

(26)

Dorfs, D.; Salant, A.; Popov, I.; Banin, U. ZnSe Quantum Dots within CdS Nanorods: A
Seeded-Growth Type-II System. Small 2008, 4 (9), 1319–1323.
https://doi.org/10.1002/smll.200800084.

(27)

López-Lorente, A. I.; Simonet, B. M.; Valcárcel, M. Analytical Potential of Hybrid
Nanoparticles. Anal. Bioanal. Chem. 2011, 399 (1), 43–54.
https://doi.org/10.1007/s00216-010-4110-0.

(28)

Ben-Shahar, Y.; Banin, U. Hybrid Semiconductor–Metal Nanorods as Photocatalysts.
Top. Curr. Chem. 2016, 374 (4), 1–26. https://doi.org/10.1007/s41061-016-0052-0.

(29)

Zhu, H.; Song, N.; Lian, T. Controlling Charge Separation and Recombination Rates in
CdSe/ZnS Type i Core-Shell Quantum Dots by Shell Thicknesses. J. Am. Chem. Soc.
2010, 132 (42), 15038–15045. https://doi.org/10.1021/ja106710m.

(30)

Costi, R.; Saunders, A. E.; Elmalem, E.; Salant, A.; Banin, U. Visible Light-Induced
Charge Retention and Photocatalysis with Hybrid CdSe-Au Nanodumbbells. Nano Lett.
2008, 8 (2), 637–641. https://doi.org/10.1021/nl0730514.

(31)

Cheng, Z.; Wang, F.; Shifa, T. A.; Jiang, C.; Liu, Q.; He, J. Efficient Photocatalytic
Hydrogen Evolution via Band Alignment Tailoring: Controllable Transition from Type-I
to Type-II. Small 2017, 13 (41), 1–7. https://doi.org/10.1002/smll.201702163.

(32)

Ehrat, F.; Simon, T.; Stolarczyk, J. K.; Feldmann, J. Size Effects on Photocatalytic H2
Generation with CdSe/CdS Core-Shell Nanocrystals. Zeitschrift fur Phys. Chemie 2015,
229 (1–2), 205–219. https://doi.org/10.1515/zpch-2014-0635.

(33)

Elahifard, M. R.; Rahimnejad, S.; Haghighi, S.; Gholami, M. R. Apatite-Coated
Ag/AgBr/TiO2 Visible-Light Photocatalyst for Destruction of Bacteria. J. Am. Chem. Soc.
2007, 129 (31), 9552–9553. https://doi.org/10.1021/ja072492m.

(34)

Chen, K.; Ma, L.; Wang, J. H.; Cheng, Z. Q.; Yang, D. J.; Li, Y. Y.; Ding, S. J.; Zhou, L.;
Wang, Q. Q. Integrating Metallic Nanoparticles of Au and Pt with MoS2-CdS Hybrids for
High-Efficient Photocatalytic Hydrogen Generation: Via Plasmon-Induced Electron and
Energy Transfer. RSC Adv. 2017, 7 (42), 26097–26103.
https://doi.org/10.1039/c7ra03912c.

(35)

Tada, H.; Mitsui, T.; Kiyonaga, T.; Akita, T.; Tanaka, K. All-Solid-State Z-Scheme in
CdS-Au-TiO2 Three-Component Nanojunction System. Nat. Mater. 2006, 5 (10), 782–
786. https://doi.org/10.1038/nmat1734.

(36)

Dworak, L.; Matylitsky, V. V.; Breus, V. V.; Braun, M.; Basché, T.; Wachtveitl, J.
27

Ultrafast Charge Separation at the CdSe/CdS Core/Shell Quantum Dot/Methylviologen
Interface: Implications for Nanocrystal Solar Cells. J. Phys. Chem. C 2011, 115 (10),
3949–3955. https://doi.org/10.1021/jp111574w.
(37)

Li, J. J.; Wang, Y. A.; Guo, W.; Keay, J. C.; Mishima, T. D.; Johnson, M. B.; Peng, X.
0028.J.Am.Chem.Soc.2003,125,12567.Pdf. 2003, No. 4, 933–937.

(38)

Caddeo, C.; Calzia, V.; Bagolini, L.; Lusk, M. T.; Mattoni, A. Pinpointing the Cause of
Platinum Tipping on CdS Nanorods. J. Phys. Chem. C 2015, 119 (39), 22663–22668.
https://doi.org/10.1021/acs.jpcc.5b06264.

(39)

Habas, S. E.; Yang, P.; Mokari, T. Selective Growth of Metal and Binary Metal Tips on
CdS Nanorods. J. Am. Chem. Soc. 2008, 130 (11), 3294–3295.
https://doi.org/10.1021/ja800104w.

(40)

Menagen, G.; Mocatta, D.; Salant, A.; Popov, I.; Dorfs, D.; Banin, U.; Ram, G. V; June,
R. V. Selective Gold Growth on CdSe Seeded CdS Nanorods Hybrid Metal Semiconductor Nanoparticles Have Attracted Much Attention Recently . Metal Tips on
Semiconductor Nano- Rods Can Serve as Anchor Points for Electrical Connections and
for Self-Assembly of Com. 2008, 8 (19), 6900–6902.

(41)

Mokari, T.; Sztrum, C. G.; Salant, A.; Rabani, E.; Banin, U. Formation of Asymmetric
One-Sided Metal-Tipped Semiconductor Nanocrystal Dots and Rods. Nat. Mater. 2005, 4
(11), 855–863. https://doi.org/10.1038/nmat1505.

(42)

Amirav, L.; Alivisatos, A. P. Photocatalytic Hydrogen Production with Tunable Nanorod
Heterostructures. J. Phys. Chem. Lett. 2010, 1 (7), 1051–1054.
https://doi.org/10.1021/jz100075c.

(43)

Yu, W. W.; Qu, L.; Guo, W.; Peng, X. Erratum: Experimental Determination of the
Extinction Coefficient of CdTe, CdSe and CdS Nanocrystals (Chemistry of Materials
(2003) 15, 14 (2854-2860)). Chem. Mater. 2004, 16 (3), 560.
https://doi.org/10.1021/cm033007z.

(44)

Ivanova, O.; Zimmermann, K.; Campbell, T.; Tech, V. Synthesis of Non-Spherical CdSe
Quantum Dots School of Biomedical Engineering and Sciences , Virginia Tech ; ICTAS
Building , 325 Stanger St ., MC Institute for Critical Technology and Applied Science (
ICTAS ), Virginia Tech , ICTAS Building , 325. 2012, 1 (540), 457–460.

(45)

Coropceanu, I.; Rossinelli, A.; Caram, J. R.; Freyria, F. S.; Bawendi, M. G. Slow-Injection
Growth of Seeded CdSe/CdS Nanorods with Unity Fluorescence Quantum Yield and
Complete Shell to Core Energy Transfer. ACS Nano 2016, 10 (3), 3295–3301.
https://doi.org/10.1021/acsnano.5b06772.

(46)

Gadalla, A.; El-Sadek, M. S. A.; Hamood, R. Synthesis and Optical Properties of
CdSe/CdS Core/Shell Nanocrystals. Mater. Sci. Pol. 2019, 37 (2), 149–157.
https://doi.org/10.2478/msp-2019-0034.

(47)

Carbone, L.; Nobile, C.; De Giorgi, M.; Della Sala, F.; Morello, G.; Pompa, P.; Hytch, M.;
Snoeck, E.; Fiore, A.; Franchini, I. R.; Nadasan, M.; Silvestre, A. F.; Chiodo, L.; Kudera,
S.; Cingolani, R.; Krahne, R.; Manna, L. Synthesis and Micrometer-Scale Assembly of
28

Colloidal CdSe/CdS Nanorods Prepared by a Seeded Growth Approach. Nano Lett. 2007,
7 (10), 2942–2950. https://doi.org/10.1021/nl0717661.
(48)

Adel, P.; Bloh, J.; Hinrichs, D.; Kodanek, T.; Dorfs, D. Determination of All Dimensions
of CdSe Seeded CdS Nanorods Solely via Their UV/Vis Spectra. Zeitschrift fur Phys.
Chemie 2017, 231 (1), 93–106. https://doi.org/10.1515/zpch-2016-0887.

(49)

Suryanto, B. H. R.; Wang, Y.; Hocking, R. K.; Adamson, W.; Zhao, C. Overall
Electrochemical Splitting of Water at the Heterogeneous Interface of Nickel and Iron
Oxide. Nat. Commun. 2019, 10 (1). https://doi.org/10.1038/s41467-019-13415-8.

(50)

Nakibli, Y.; Mazal, Y.; Dubi, Y.; Wächtler, M.; Amirav, L. Size Matters: Cocatalyst Size
Effect on Charge Transfer and Photocatalytic Activity. Nano Lett. 2018, 18 (1), 357–364.
https://doi.org/10.1021/acs.nanolett.7b04210.

29

